A new approach for estimating genetic identity values was applied to a data set on allozyme variation in the weevil, Otiorhynchus scaber (Coleoptera: Curculionidae). This species complex contains sexuals and different races of polyploid asexuals. The results were used to reanalyse the phylogenetic relationship among races and to discuss the monophyletic versus the polyphyletic origin of parthenogenesis. A polyphyletic origin of parthenogenesis was suggested based on the assumption of hybridization between related species, and the extinction of an ancestral species. The genetic diversity among the different races was compared. A decreased number of new mutations with increased ploidy level was found among current populations. This correlation was explained by a lower evolutionary rate in polyploid asexual races than in diploid sexual races.
Introduction
Parthenogenesis has evolved secondarily in many animal and plant groups (White, 1973) . When asexual forms arise, these parthenogenetically reproducing clones compete with sexual individuals. Persistant coexistence of closely related sexual and asexual forms requires the sexual population to compensate for the twofold reproductive advantage of clonally reproducing individuals (Maynard Smith, 1978) . When explaining the maintenance of sexuality in the population, it is often assumed that asexuals are more sensitive to changing environmental conditions than sexually reproducing populations. The loss of the ability to reorganize the genotypic structure in asexual populations should result in low genetic heterogeneity and disturbed coevolutionary interactions (Glesener & Tilman, 1978; Jaenike, 1978) , whereas sexual populations can produce genetically diverse offspring which may escape extinction in uncertain environments by high genetic adaptability (for review see Williams, 1975; Stearns, 1987) . Suomalainen et a!. (1987) discussed the origin of asexuality from a cytological standpoint. On the basis of cytological results, conclusions can be drawn about the evolution of polyploid asexual populations. First, *present address: Abteilung für Klinische Genetik, Universität Tubingen, Wilhelmstr. 27, D-7400 Tubingen, Germany. ITo whom correspondence should be addressed.
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the origin of polyploid individuals may either be due to polyploidization or to interspecific hybridization. Secondly, the kind of parthenogenesis -apomictic or automictic -has consequences for the genetic structure of populations. In apomictically reproducing clones, the heterozygous state is preserved and only mutations add new genotypic variation to the population. Otherwise the existing genetic structure of apomictic populations can be changed only by selection and/or drift. However, various forms of automixis are discussed and usually the existing genetic population structure is unstable (for review see Suomalainen et a!., 1987) .
In recent studies on asexual species, electrophoresis and molecular genetic methods have been used to reanalyse the phylogeny of asexual forms and to compare these results to morphological studies. Statistical procedures used previously, however, could not be applied directly to allozyme data of polyploid asexual populations. Tomiuk & Loeschcke (1991) therefore proposed a measure of genetic identity which is applicable to genetic data of both sexual and polyploid asexual populations or species.
In this paper we apply the new genetic identity measure to data on the weevil Otiorhynchus scaber (Coleoptera: Curculionidae), obtained from Suomalainen & Saura (1973) and Saura et a!. (1976) . The phylogenetic relationships among different races in this species complex that consists of sexuals and various forms of asexuals is reanalysed, and we discuss the origin of the asexual races. Furthermore, we estimate evolutionary rates of races in relation to their common ancestral species, and discuss differences in evolutionary rates as related to the ploidy level of the races.
Materials and methods
The statistical procedure for estimating genetic identity values in asexual species was described in detail in a recent paper (Tomiuk & Loeschcke, 1991) . The model assumed one ancestral population that passes all its genetic variability to two new subpopulations, and no intraclonal genotypic variation by random chromosomal segregation (i.e. heterozygous clones are stable). New genetic variation is generated only by mutation, and the mutation rate per locus, a, was assumed to be constant within populations. We further assumed back mutation to be absent. Thus the number of alleles at a locus may increase with increasing evolutionary time. Based on these assumptions, we defined four genotype classes per locus with frequencies as functions of the degree of homozygosity in the ancestral population, F(o), the genetic identity between current populations and their common ancestral population, I, and the ploidy number, n. After t generations of divergence from an ancestral population, we expected homozygous individuals which carry only alleles that also existed in the ancestral population with frequency F(,) = and heterozygous individuals which also carried only alleles that existed in the ancestral population with frequency
Heterozygotes that had one allele in common with the ancestral population and one mutant allele occurred in the frequency NH(,), where The degree of heterozygosity in the ancestral population, H(0) 1- (5) and the genetic identity values between populations were estimated by least squares comparing the observed and expected frequencies of genotype classes (see Tomiuk & Loeschcke, 1991 ).
Enzyme polymorphism was described in three chromosomal races of the weevil Otiorhynchus scaber by Suomalainen & Saura (1973) and Saura eta!. (1976) .
In their 1973 study, Suomalainen & Saura sampled individuals around Plesch in Austria. The individuals of this sample were described as diploid sexual individuals. In succeeding studies of this population they observed that the diploid sexual population had been 'contaminated' by tetraploid asexual individuals (A. Saura, personal communication; Suomalainen et a!., 1987) . However, the contamination of the diploid sexual sample from Plesch ('sex') did not affect the main results and their interpretation presented here (see discussion). Triploid asexual individuals, tn, were collected at two locations in the Austrian Alps (which were pooled in our study), and tetraploid asexual individuals came from five populations, one from Sweden (tet-S), Finland (tet-F), and Czechoslovakia (tet-C), and two from Poland (tet-Br and tet-Bb). Parthenogenesis in the polyploid races of 0. scaber is apomictic (Suomalainen eta!., 1987) .
The genotypic frequencies in 0. scaber given in the above named investigations by Suomalainen, Saura and co-workers were used to estimate genetic identities among the races in order to construct a phylogenetic tree by the unweighted pair group method (UPGMA), as suggested by Sokal & Sneath (1963) . Confidence limits were calculated according to Nei et a!. (1985) and Tomiuk & Graur (1988) .
(1)
Results
The mean genetic identity values among the populations of seven races of 0. scaber ranged from 0.64 3 to 0.998 (Table 1) . Among the asexual races the triploid asexual race evolved most recently from the 'sexual' Table 1 Mean genetic identity between 'diploid sexual' ('sex'), triploid (tn) and tetraploid asexual races (tet-F, tet-S, tet-C, tet-Br, and tet-Bb) of 0, scaber Fig. 1 ). We estimated confidence limits for the branching points in our phylogenetic trees constructed by the UPGMA. The estimation procedure suggested by Nei et al. (1985) was simplified by our approach to estimating genetic identities. For example, we estimated directly the confidence limits of hierarchical branching points when single locus identities between species within different clusters were pooled, and the mean genetic identity among clusters and their confidence limits were obtained by the formulae given by Tomiuk & Graur (1988) . Thus problems of estimating covariances among hierachical branching points which occur with other estimates of genetic identity (e.g. Nei etal., 1985; Pamilo, 1990) were avoided.
The identity values obtained from the different inter-race comparisons were highly consistent when excluding either the group containing the tetraploids from Poland and Czechoslovakia (Fig. 2a) or excluding the tetraploids, tet-S and tet-F (Fig. 2b) . The northern European tetraploids, tet-F and iet-S, have separated recently from each other (Figs 2a and c) . The hypothesis of a monophyletic origin of the parthenogenetic races, tn, tet-S, and tet-F, could not be rejected by the data at a significance level of P =5 per cent (Fig. 2a) . On the other hand, the cluster containing the 'sexual' and triploid races was separated from the Central European tetraploids (P< 5 per cent, Fig. 2b ).
The method of Tomiuk & Loeschcke (1991) also allowed an estimation of the genetic identity value between each race and their common ancestral pop- ulations (Table 2 ). The genetic identity value, 1, is closely correlated to the evolutionary rate, at, which is the number of mutations per locus added to the population during evolutionary time (see Tomiuk & Loeschcke, 1991) . When the genetic identity value between one race and the common ancestor is lower than the genetic identity between the other race and its common ancestor, we conclude that the evolutionary rate is higher in the first lineage. Differences in the inferred evolutionary rates between the 'sexual' and tnploid races or among the tetraploid races were typically smaller than in the 'sexual' and triploid races ( Table 2 ).
The expected and observed degrees of heterozygosity of the current 'sexual' population and observed values of the current asexual populations were obtained from Suomalainen & Saura (1973) and Saura et al. (1976) . No reliable estimates of the expected degrees of heterozygosity could be given for the polyploid races. The estimated degrees of heterozygosity of the common ancestral population obtained from comparisons between races were compared with those of the current population (Table 3 ). The observed and expected heterozygosity values were of the same order of magnitude for the 'sexual' and tnploid races. The degrees of heterozygosity for tetraploid races, however, were higher than those of the diploid and tniploid races, but sampling errors were large, and the null hypothesis -that the observed and expected degrees of heterozygosity of all races are within the same range independent of the ploidy level or mode of reproduction -could not be rejected. All estimated degrees of heterozygosity obtained from race comparisons that included diploid and triploid populations were considerably smaller than those for the current diploid or triploid populations (P <5 per cent). The degrees of heterozygosity of the current tetraploid races and their tetraploid ancestral populations, however, were more similar, and not significantly different, with 0.37 H 0.46.
Discussion
The analysis of the phylogeny of asexual species is methodologically difficult compared to the study of sexual species. In sexual species, we hypothesize that species have evolved continuously from one ancestral population, and we can compare the genetic structure of current populations on the basis of some more or less restrictive assumptions. For the analysis of the phylogeny of asexuals, knowledge of the mode of parthenogenetic reproduction is required. The mechanism of maturation division of the egg has consequences for changes in the genotypic structure of asexual populations with time. Additionally, the course of polyploidization is dependent on the cell division mechanism. From cytological observations we know that in some species, higher ploidy levels have been induced by genome duplication (autopolyploidy), whereas in others, higher ploidy levels result from fertilization of normally asexual individuals by closely related males of 'sexual' species (diploid( 2 n) + in -triploid (3 n) + 1 ntetraploid (4n) etc.; for discussion see White, 1978) . Alternatively, asexual species may be hybrids between related sexual species (e.g. Vrijenhoek, 1984; Parker et al., 1989) . The various possible origins of asexuality affect the potential genetic variation in the new species.
If monophyly (in a strict sense) is assumed, then only one individual is the ancestor of the existent population, but a polyphyletic origin from several ancestral individuals could provide more variation. Beyond that it is difficult to predict how much genetic variability has races within the 0. scaber species complex, relations among races appear to be similar to the moth group Solenobia triquetrella (Lepidoptera: Psychidae) (Lokki eta!,, 1975; Tomiuk & Loeschcke, 1991) . Races within clusters show high genetic identity values, but some races belonging to different clusters are also closely related. Such patterns could be explained as samples that contain a mixture of races with different ploidy levels as known for the sample from Plesch ('sex'), but the inconsistency remains even if the triploid and tetraploid races only were considered. By accepting the concept of an increasing ploidy level (+ in) (Suomalainen et al., 1987) , the confusing pattern of inter-race relationships can be explained. uals of the common triploid race by the extinct sexual species, whereas the Scandinavian tetraploids originated later by fertilization of the ancestral individuals of the common triploid race by the current sexual race (Fig. 3) . Furthermore, the estimated time since the occurrence of triploid races of 0. scaber must be smaller than that of tetraploid races. This hypothesis is supported by the data given in Table 3 . Evolutionary changes are slower in tetraploid races than in 'sexual' and triploid races and therefore higher genetic identity values among tetraploid races are expected, even with polyphyletic origin. This difference cannot be an artefact caused by the contaminated' sample from Plesch, as mixing data from diploid and tetraploid races should reduce differences among races. Thus the application of our method to enzyme data on the species complex 0. scaber supports the hypothesis of a polyphyletic origin for this group, contrary to the hypothesis of Suomalainen et a!. (1987) who suggested a monophyletic origin.
In S. triquetrella the estimated degrees of heterozygosity were not significantly different either among different ancestral populations or among species with different degrees of polyploidy (Lokki et a!., 1975; Tomiuk & Loeschcke, 1991) . In 0. scaber there is also a high consistency among current populations of varying ploidy level for the expected and observed degrees of heterozygosity.
Estimates of evolutionary rates have been obtained in previous studies by comparisons of in-group species to an out-group species. Our approach of estimating genetic identities, however, allows a direct estimate of evolutionary rates from comparisons of two related species or races. Despite a possible bias of the estimates from the sample taken at Plesch, the results from protein data on different races of 0. scaber suggest that evolutionary rates of polyploid races are lower than those of diploid races. Similarly, Suomalainen (1961) concluded from morphometrical studies on 0. scaber that evolution has slowed down in parthenogenetic polyploid populations. Lower incorporation of mutations with increasing ploidy level in apomictic species may be explained by more disturbed intragenomic interactions (see e.g. Crow & Temin, 1964; Templeton et a!., 1976) . In sexual species, genes function in different genetic backgrounds due to recombination, whereas in apomictic species, a mutated gene can destroy favourable gene combinations, thus reducing the number of new alleles. The high degree of heterozygosity in asexual races is not due to 'new' mutations, but caused by high frequencies of heterozygous individuals carrying 'ancestral' alleles that also are present in the sexual-sister form as observed in S. triquetrella (Lokki et a!., 1975) and 0. scaber (Suomalainen et a!., 1973; Saura eta!., 1976) .
These restrictions to the incorporation of new mutations reduce the potential for asexuals to adapt to changing environments. However, in stable or predictable environments, the most fit clonal-line may outcompete sexual forms through a higher degree of heterozygosity and more rapid reproduction rate even with low initial population.
